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Carboxylic acid linker ligands are known to form strong metal-
carboxylate bonds to afford many different variations of permanently 
microporous metal-organic frameworks (MOFs). A controlled approach to 
decarboxylation of the ligands in carboxylate-based MOFs could result in 
structural modifications, offering scope to improve existing properties or 
to unlock entirely new properties. In this work, we demonstrate that the 
microporous MOF MIL-121 is transformed to a hierarchically porous 
MOF via thermally triggered decarboxylation of its linker. 
Decarboxylation and the introduction of hierarchical porosity increases the 
surface area of this material from 13 m2/g to 908 m2/g, and enhances gas 
adsorption uptake for industrially relevant gases (i.e., CO2, C2H2, C2H4 and 
CH4). For example, CO2 uptake in hierarchically porous MIL-121 is 
improved 8.5 times over MIL-121, reaching 215.7 cm3/g at 195 K and 1 
bar; CH4 uptake is 132.3 cm3/g at 298 K and 80 bar in hierarchically porous 
MIL-121 versus zero in unmodified MIL-121. The approach taken was 
validated using a related aluminum based MOF, ISOMIL-53.
However, many specifics of the decarboxylation procedure in MOFs 
have yet to be unraveled and demand prompt examination. 
Decarboxylation, the formation of heterogeneous hierarchical pores, gas 
uptakes, and host-guest interactions are comprehensively investigated 
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using variable temperature multinuclear solid-state NMR spectroscopy, X-
ray diffraction, electron microscopy, and gas adsorption; we propose a 
mechanism for decarboxylation proceeds and which local structural 
features are involved. Understanding the complex relationship between 
molecular-level MOF structure, thermal stability, and the decarboxylation 
process is essential to fine-tune MOF porosity, thus offering a systematic 
approach to the design of hierarchically porous, custom-built MOFs suited 
for targeted applications.
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Metal-organic frameworks (MOFs) are porous crystalline materials 
typically comprised of metal centers/clusters (i.e., nodes) connected by 
organic linkers.1 Their compositional and structural diversity means that 
they can offer properties of relevance in various fields including gas 
storage, gas separation, catalysis, drug delivery and chemical sensing.2 
Many MOFs feature ligands with two or more carboxylic groups and are 
sustained by metal–carboxylate bonds;3 these MOFs are often thermally 
robust and permanently porous.4 Typical MOFs possess micropores 
smaller than 2 nm, which are suitable for some applications but can prohibit 
fast diffusion and high-volume transfer of guest species, along with 
adsorption or incorporation of large guest molecules.5 
The introduction of a hierarchical pore system containing > 50 nm 
macropores and 2-50 nm mesopores4b within otherwise microporous MOFs 
unlocks additional applications.5a, 6 The mesopores or macropores can be 
of sufficient size and volume to encapsulate, interact, and separate larger 
molecules such as insulin, enzymes or organic dyes,5, 7 while the 
micropores maintain relatively strong host-guest interactions with smaller 
guest species and remain functional for catalysis, small molecule 
adsorption, etc.6, 8 Hierarchically porous MOFs have shown promise for 
applications in gas storage, especially under high pressure.9 The 
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micropores can have high gas uptake at low pressure when mesopores 
yields additional gas adsorption at high pressure. For example, the newly 
reported UiO-66 monolith exhibits the highest recorded values for CO2 and 
CH4 storage, which was attributed to its abundant micropores and 
mesopores.10 Traditional strategies for creating hierarchically porous 
MOFs involve using elongated ligands or template guests, but drawbacks 
exist. Whereas elongated ligands can be relatively costly, reduce chemical 
stability, and yield undesirable interpenetrated networks,5a, 11 the template 
method often produces MOFs that collapse or lose crystallinity during 
guest removal.5a, 6 
Recent reports have indicated that a ligand decarboxylation process can 
create a hierarchical pore system involving mesopores and/or macropores 
within MOFs.6, 8, 12 According to recent reports, 6, 8, 12 the crystallinity and 
stability of a parent MOF can be largely retained in the hierarchically 
porous variants obtained via ligand decarboxylation, however, the stability 
of specific MOFs should be evaluated on an individual basis. Many details 
about the decarboxylation process and hierarchical pore formation remain 
unclear, and the role of micro- and mesopores in gas storage have not been 
extensively investigated. As many MOFs contain carboxyl-bearing 
ligands, a comprehensive understanding of the decarboxylation process 
and thermal stability in carboxylate MOFs is necessary to facilitate future 
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development of enhanced hierarchically porous MOFs.   
MIL-121, [Al(OH)(H2BTEC)·(H2O)]n is a prototypal aluminum MOF 
with 1,2,4,5-benzenetetracarboxylic acid (BTEC) linkers (Figure 1a).13 
BTEC is also known as pyromellitic acid and contains four carboxylic 
groups in this Al(III) pyromellitate, with two connected to metal centers 
and the remaining two “free” or uncoordinated groups pointing toward the 
pore interior (Figure 1a, inset). The free –COOH groups reduce the pore 
volume and Brunauer-Emmett-Teller (BET) surface area; MIL-121 has a 
relatively low reported surface area of only 162 m2/g, while the structurally 
analogous MIL-53 that does not feature free –COOH groups has a high 
surface area of over 1000 m2/g.13-14 The small pore size and extremely low 
surface area of MIL-121 severely restrict its applications in gas adsorption. 
However, its building block, the tetracarboxylate linker BTEC with two 
non-coordinated COOH groups, presents a unique opportunity for 
decarboxylation and consequent introduction of hierarchical porosity to 
enhance gas storage and other properties. 
Investigating hierarchically porous MOFs obtained via post-synthetic 
treatment (PST) is very challenging due to the heterogeneous pores that 
disrupt the crystal structure of the parent microporous MOF. Gas 
adsorption isotherms are a valuable source of information regarding MOF 
guest adsorption capacity, but the inhomogeneity in pore size and long-
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range structure precludes the use of crystallographic techniques for 
studying their pore structure and guest adsorption. Quantum chemical 
calculations could instead be used to determine host-guest interactions and 
precise guest locations in a known crystal structure.15 However, the results 
would be unreliable due to the uncertain local environments surrounding 
the heterogeneous pores and corresponding inaccuracy of the overall 
crystal structure.16 Consequently, techniques that characterize short-range 
ordering and local structures must be employed in conjunction with gas 
adsorption isotherms to properly understand the linker decarboxylation 
process and host-guest interactions in thermally treated hierarchical MIL-
121 (termed HMIL-121). Multinuclear solid-state NMR (SSNMR) 
spectroscopy is very sensitive to local structure, and can target linker and 
metal nuclei to obtain in-depth information from different perspectives.17 
Furthermore, in situ SSNMR techniques targeting adsorbed guests within 
MOFs can extensively investigate the adsorption and dynamics of gas 
sorbates including CO2, CO, C2H2 and CH4 across a wide temperature 
range.15a, 17a, 18 
In this work, we detail a facile route for creating hierarchical pores 
within MIL-121 via thermally triggered linker decarboxylation. The pore 
sizes, surface area, and mesopore/micropore ratio in the resulting material, 
HMIL-121, are finely controlled by the time and temperature of thermal 
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treatment. HMIL-121 variants generally exhibit enhanced adsorption 
capacities for CO2, C2H2, C2H4 and CH4. Several variants of HMIL-121 
and associated guest species are investigated using multinuclear SSNMR 
spectroscopy, X-ray diffraction, electron microscopy, and adsorption 
isotherms. This information is used to propose a mechanism describing the 
decarboxylation process and formation of hierarchical pores within MIL-
121. The link between improved gas storage performance and pore 
structure in several different HMIL-121 samples is investigated. Relative 
populations of guest species in the micropores and mesopores of 
hierarchically porous MIL-121 are determined, with inferences made 
regarding guest dynamics and ordering in both these pore types. Looking 
forward, this experimental approach should permit a detailed study of 
many types of hierarchically porous MOFs, particularly those featuring 
carboxylate linkers.
Results and Discussion 
The appearance of hierarchical pores in MIL-121
As-synthesized MIL-121 features pores occupied by unreacted 
linkers from the MOF synthesis. In order to eliminate excess ligands, as- 
synthesized MIL-121 was first subjected to a methanol solvent exchange 
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process (page S3; Supporting Information). To remove methanol from 
MIL-121 pores before gas adsorption and then explore the effects of 
thermal treatment on hierarchical pore formation, as-synthesized MIL-121 
was placed in an oven at a specific temperature ranging from 250 to 440 
°C. Then, they were degassed under vacuum at 200 ºC for 10 h in an 
activation procedure to ensure no guests remained in the pores. The 
resulting materials are referred to as MIL-121-xx°C-xxH, where xx °C and 
xx H correspond to the temperature and duration of treatment (in hours). 
MIL-121-250°C-16H was chosen as the first MIL-121 variant to be 
examined since there is clear evidence that it is fully activated after the 
combination of a solvent exchange process, thermal treatment and high 
temperature degassing under vacuum, and thus should represent the true 
gas adsorption performance of activated MIL-121. A fuller explanation of 
the MIL-121 activation process and our evidence of full activation is 
provided in the SI (page S25).
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Figure 1. (a) Al(III)-centered AlO4(OH)2 based rod building blocks linked through 
BTEC dicarboxylate linkers that compose MIL-121 are shown (left) along with the 
overall network structure of MIL-121 (right). (b) The N2 adsorption isotherms of 
thermally treated HMIL-121 samples; solid circles represent adsorption and open 
circles denote desorption. (c) The pore size distribution of thermally treated HMIL-121 
samples; MIL-121-250°C-16H is excluded herein due to its very low BET surface area.
N2 adsorption isotherms of MIL-121-250°C-16H (Figure 1) and MIL-
121-380 °C-16H (Figure S1) at 77 K indicate very little N2 uptake, 
revealing that these samples have low surface areas (i.e., < 100 m2/g) 
despite thermal treatment (Table 1 and Table S1). MIL-121 has a solvent-
accessible pore aperture of 8.7 × 5.7 Å,13 however, it appears that the trans-
pair of uncoordinated carboxyl groups from the BTEC linker occlude the 
pores, hindering adsorption and diffusion of N2. When the treatment 
temperature is increased to 410 °C, producing the MIL-121-410°C-16H, 
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the BET surface area increases to 293 m2/g (Figure 1 and Table 1) and N2 
uptake is concomitantly enhanced. Interestingly, the N2 adsorption curve 
of MIL-121-410°C-16H is a Type IV isotherm with a strong hysteresis 
loop (see enlarged picture in Figure S2),19 suggesting mesopores have been 
formed and that a hierarchical structure exists.6, 20 Such features and 
separation in the hysteresis loops become more pronounced at elevated 
treatment temperatures and longer heating times (Figure 1b), suggesting 
increased mesopore formation. The pore size distribution of thermally 
treated HMIL-121 variants calculated using the Barrett-Joyner-Halenda 
(BJH) method (Figure 1c) indicates that mesopores are indeed present; 
average pore size increases when higher temperatures and longer times are 
used for thermal treatment. The porosity parameters of each sample are 
listed in Table 1 and Table S1. 
With increasing treatment temperatures and times, it appears that MIL-
121 undergoes a gradual porosity transition, changing from a nearly 
nonporous material to one with a hierarchically porous system of 
micropores and mesopores and then to a mesoporous material. Among all 
the thermally treated samples, MIL-121-440°C-16H has the largest BET 
surface area of 908 m2/g, with 678 m2/g microporous and 230 m2/g 
mesoporous (Table 1). In this sorbent, the total specific pore volume (Vt) 
is 0.70 cm3/g, of which 0.33 cm3/g is microporous (Vmicro) and 0.37 cm3/g 
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is mesoporous (Vmeso). The pore volume along with the microporous and 
mesoporous surface areas of MIL-121-440°C-16H are tremendously 
increased over those of parent MIL-121, and it is evident that the thermally 
triggered linker decarboxylation yields mesopores and micropores 
accessible to N2 gas. The preservation of microporosity is notable, as many 
PST-based methods (e.g., acid etching) for creating mesopores generally 
transform micropores into mesopores and result in the loss of most 
micropores.5a, 6 When the thermal treatment of MIL-121 at 440 °C is 
extended beyond 16 hours, the BET surface area decreases, falling to 479.9 
m2/g after 48 h. After extended thermal treatment, the sample is mainly 
mesoporous (Figure 1b, Figure S1, Table 1, Table S1).
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MIL-121-250°-16Hg 13/96h N/A N/A N/A N/A N/A N/A
MIL-121-410°-16H 293 219 74 0.17 0.11 0.06 39.0
MIL-121-440°-9H 659 491 168 0.44 0.24 0.20 41.8
MIL-121-440°-16H 908 678 230 0.70 0.33 0.37 64.5
MIL-121-440°-48H 479 50 429 1.01 0.01 1.00 68.8
a All porosity parameters were calculated from N2 adsorption-desorption isotherms 
recorded at 77 K.
b Smicro is the micropore surface area obtained by the t-Plot method.
c Smeso is the mesopore surface area, obtained by subtracting Smicro from the BET surface 
area, SBET.
d Vt is the total specific pore volume. 
e Vmeso is the specific mesopore volume, which was obtained by subtracting Vmicro (the 
specific micropore volume) from Vt.
f The average pore sizes were calculated based on desorption branches of the respective 
N2 isotherms.
g The measured BET surface area of MIL-121-250°-16H is extremely low, so the other 
porosity parameters could not be calculated.
h The BET value (96 m2/g) is calculated based on the CO2 adsorption isotherm at 195 
K while the other BET value, 13 m2/g, was obtained from the N2 adsorption isotherms 
at 77 K. All other values in this table were obtained according to a.
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Figure 2. The experimental and calculated PXRD patterns of parent MIL-121 and the 
thermally treated HMIL-121 samples are shown in (a). The SEM images of MIL-121, 
MIL-121-440°-16H, and MIL-121-440°-48H are illustrated in (b), (c), and (d), 
respectively. The presence of mesopores and/or macropores on the surfaces of the 
thermally treated MIL-121 crystallites can be noted.
PXRD patterns of the parent and thermally treated MIL-121 samples 
were acquired in order to ascertain crystallinity and crystal form (Figure 
2a, Figure S3). The PXRD profiles of HMIL-121 samples treated at and 
below 380 °C are similar to that of MIL-121, suggesting they are of similar 
structure and crystallinity. As the treatment temperature is increased to 410 
°C and 440 °C, there are minor changes in the PXRD pattern. When the 
440 °C treatment time was increased to 22 hours (Figure S3), reflection 
intensities decrease significantly and features begin to merge with the 
baseline, indicating a gradual decrease in crystallinity, presumably through 
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degradation of the framework. Further increasing the 440 °C heating time 
to 48 hours affords a PXRD pattern of few features and relatively weak 
reflections, indicating that amorphization of MIL-121 has occurred. The 
retained topology in HMIL-121 and amorphization in MIL-121-440°C-
48H were further investigated by multinuclear SSNMR experiments (vide 
infra). 
The mesopores in thermally treated HMIL-121 samples were directly 
visualized using scanning electron microscopy (Figure 2(b, c, d), Figure 
S4). Crystallites of parent microporous MIL-121 exhibit a relatively 
smooth surface with no evidence of mesopores (Figure 2b). In contrast, the 
surface of MIL-121-440°C-16H (Figure 2c) is significantly rougher with 
various sizes of mesopores visible. As the thermal treatment time is 
increased, linker thermolysis continues. The SEM image of MIL-121-
440°C-48H (Figure 2d) reveals a surface decorated with relatively large 
mesopores and macropores of a considerable size distribution.
Gas adsorption in HMIL-121 variants
To understand the effects of thermal treatment upon the gas adsorption 
performance of MIL-121, the adsorption isotherms of CO2, C2H2, C2H4 and 
CH4 were measured. MIL-121-250°C-16H, MIL-121-440°C-16H and 
MIL-121-440°C-48H samples were selected for analysis due to their 
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variation in microporous and mesoporous composition. CO2 adsorption 
isotherms were measured at 195, 273 and 298 K up to 1 bar pressure 
(Figure 3a), with adsorption parameters given in Table 2. 
MIL-121-250°C-16H exhibits a very low uptake of CO2, with 
measurements of 25.4 cm3/g at 195 K, 42.6 cm3/g at 273 K, and 29.3 cm3/g 
at 298 K. Free carboxyl groups from the BTEC linkers within the pore 
interior of MIL-121-250°C-16H apparently restrict CO2 diffusion severely, 
and this blocking effect is pronounced at both ambient (298 K) and 
cryogenic (195 K) temperatures (Figure 3a).
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Figure 3. Gas adsorption isotherms for HMIL-121 variants. In (a), CO2 adsorption 
isotherms measured at 195 K, 273 K and 298 K under 1 bar are illustrated. C2H2 
adsorption isotherms at 273 K and 298 K under 1 bar are presented in (b), along with 
the C2H4 adsorption isotherms at 273 K and 298 K under 1 bar in (c). In (d), the high-
pressure CO2 and CH4 excess adsorption isotherms measured at 298 K under 45 bar 
and 80 bar pressure are shown, respectively. No CH4 uptake was observed for the MIL-
121-250°-16H sample, thus it was omitted from (d).
Table 2. The quantities of CO2, C2H2, C2H4 and CH4 adsorbed in HMIL-121 as 

























43.4 (298 K) N/Ab









133.9 (298 K) 132.3 (298 K)









94.9 (298 K) 16.4 (298 K)
a This is an excess adsorption uptake measurement.
b MIL-121-250°-16H did not adsorb any appreciable quantity of CH4, even at an 
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elevated pressure of 80 bar.
CO2 adsorption in MIL-121-440°C-16H is enhanced at all temperatures 
versus MIL-121-250°C-16H: 749 % at 195 K, 122 % at 273 K, and 99% 
at 298 K. MIL-121-440°C-48H also exhibits enhanced CO2 adsorption at 
195 K, but its uptake of CO2 is less than MIL-121-250°C-16H at 273 and 
298 K. It seems that free BTEC carboxyl groups occlude the micropores of 
MIL-121-250°C-16H, limiting CO2 diffusion and adsorption, while 
mesoporous MIL-121-440°C-48H has a much larger BET surface area and 
pore volume but only weak host-guest interactions with CO2. Between 
these two boundaries, hierarchically porous MIL-121-440°C-16H is better 
suited for CO2 adsorption as it allows for CO2 diffusion, exhibits stronger 
sorbate-sorbent interactions, and affords more pore volume. 
High-pressure CO2 (45 bar) adsorption experiments at 298 K were also 
performed to examine the influence of pressure (Figure 3(d)). The CO2 
adsorption of MIL-121-250°C-16H at 45 bar and 298 K was increased by 
48% compared to ambient pressure, while MIL-121-440°C-16H and MIL-
121-440°C-48H exhibited increased CO2 uptakes of 129 % and 448 %, 
respectively. It seems microporous MIL-121-250°C-16H is not ideal for 
CO2 adsorption, even at higher pressures, due to its limited pore volume. 
Although MIL-121-440°C-48H has the largest pore volume among all 
three samples examined, its high pressure CO2 adsorption of 94.9 cm3/g 
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lags behind the 133.9 cm3/g of MIL-121-440°C-16H, suggesting the 
presence of strong interactions between sorbent and guest is instrumental 
for CO2 adsorption under high pressure.
The ambient pressure adsorption isotherms of C2H2 and C2H4 in the three 
differently treated samples of MIL-121 were also recorded. The kinetic 
diameter of C2H2 is 3.30 Å, the same as CO2.21 MIL-121-440°C-16H 
exhibits a significant enhancement in C2H2 adsorption over microporous 
MIL-121-250°C-16H, adsorbing 3.96 and 3.04 times as much at 273 and 
298 K, respectively (Figure 3b, Table 2). C2H2 adsorption in mesoporous 
MIL-121-440°C-48H is slightly higher than MIL-121-250°C-16H, but 
falls below that of hierarchically porous MIL-121-440°C-16H. 
The trend in CO2 and C2H2 adsorption persists for C2H4 adsorption 
(Figure 3c, Table 2), where saturation uptakes are in the following order: 
MIL-121-250°C-16H  MIL-121-440°C-48H << MIL-121-440°C-16H. In 
hierarchically porous MIL-121-440°C-16H, C2H4 uptake (at 1 bar) is 74.5 
cm3/g and 55.8 cm3/g at 273 and 298 K, respectively. These are over 3.6 
times greater than C2H4 adsorption in the other treated samples. From these 
results, it is clear that maximum adsorption of CO2, C2H2, and C2H4 in 
MIL-121 is achieved in the hierarchically porous HMIL-121 variant; 
mainly microporous or mesoporous variants exhibit significantly reduced 
performance.
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High-pressure CH4 adsorption experiments at 298 K and 80 bar were 
also performed. MIL-121-250°C-16H adsorbed negligible quantities of 
CH4 at high pressure. This is surprising, since MIL-121-250°C-16H 
adsorbed a small amount of C2H4, which has a slightly larger kinetic 
diameter than CH4 (3.90 Å versus 3.80 Å).21 In contrast, hierarchically 
porous MIL-121-440°C-16H exhibits appreciable CH4 adsorption of 132.2 
cm3/g at 298 K and 80 bar. CH4 saturation uptake in mesoporous MIL-121-
440°C-48H only reaches 16.4 cm3/g at 298 K and 80 bar, indicating that 
methane adsorption is also better in the hierarchal variant of HMIL-121. 
MIL-121-440°C-16H exhibits significantly enhanced uptakes of CO2, 
C2H2, C2H4 and CH4 gases over the mainly microporous MIL-121-250°C-
16H and mesoporous MIL-121-440°C-48H variants of HMIL-121. The 
heterogeneous pores formed in MIL-121-440°C-16H provide a suitable 
array of pore sizes and volumes to accommodate diffusion and storage of 
a variety of small gases while evidently preserving the relatively strong 
host-guest interactions found in microporous systems. In order to gain a 
more detailed molecular-level understanding of the heterogeneous MOF 
structure and its interactions with adsorbed gases, multinuclear NMR 
experiments targeting sorbate-sorbent interactions were conducted. 
Multinuclear SSNMR examination of HMIL-121 
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To shed light on the formation and progression of hierarchical pores in 
HMIL-121, multinuclear SSNMR spectroscopy was employed to probe the 
local structure about linker and metal nuclei after various temperatures and 
durations of thermal treatment. 
1H-13C CP/MAS and 1H MAS SSNMR. The 1H-13C CP/MAS and 1H 
MAS SSNMR spectra of each sample are shown in Figure 4 and Figure 
S5. There are three groups of 13C resonances common among all MIL-121 
samples, which can be assigned to specific linker carbon sites. The 
overlapping C1 and C2 resonances at ca. 172 ppm originate from free (C2) 
and Al-coordinated (C1) carboxyl carbon sites,13, 22 while the 13C 
resonances at ca. 135 ppm and 130 ppm are assigned to the unsubstituted 
C3 phenyl carbon site and the carboxyl-substituted C4/C5 phenyl carbon 
sites, respectively. The 1H MAS NMR spectra of MIL-121 samples treated 
at lower temperatures and shorter times also feature three unique 
resonances (Figure 4b, Figure S5b). The H1 resonance at ca. 12 ppm 
originates from uncoordinated carboxylic acid groups on the BTEC linker, 
the H2 resonance at ca. 8 ppm arises from phenyl hydrogen, and the H3 
resonance at ca. 3 ppm corresponds to the bridging hydroxyl group that 
connects adjacent Al atoms.13, 22  With basic spectral assignments given, 
we now discuss how the 13C and 1H NMR spectra in Figure 4 and Figure 
S5 evolve with increasing thermal treatment temperatures and times, 
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relating spectral changes to structural features. 
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Figure 4. The 1H−13C CP/MAS SSNMR spectra and corresponding 1H MAS SSNMR 
spectra of MIL-121 and thermally treated HMIL-121 samples are illustrated in (a) and 
(b), respectively, as obtained at a magnetic field of 9.4 T and a spinning frequency of 
14.0 kHz. A depiction of the BTEC linker with corresponding labels for each unique 
carbon and hydrogen site is shown at the top of each spectral stack. The 13C resonance 
corresponding to anhydride groups first appears in the 13C spectrum of MIL-121-
380°C-16H (indicated by the black circle and label in (a)) and is more evident at 
elevated treatment temperatures. The 27Al MAS NMR spectra of thermally treated 
HMIL-121 samples are shown in (c) along with a depiction of the corresponding 
aluminum local coordination environment (AlO4, AlO5, or AlO6) above the assigned 
resonance. Select 2D 27Al rotor-synchronized 3QMAS NMR spectra of MIL-121 and 
thermally treated HMIL-121 are illustrated in (d), with the rest in Figure S6. All 27Al 
NMR spectra were obtained using a spinning speed of 31.25 kHz at a magnetic field of 
21.1 T.
The 1H-13C CP/MAS spectrum of MIL-121-250°C-16H is nearly 
identical to that of MIL-121, indicating that no major changes occur on the 
linkers during this relatively mild thermal treatment. The 1H MAS SSNMR 
spectra of MIL-121-250°C-16H and MIL-121 support this conclusion; the 
only dissimilarity is that the 1H spectrum of MIL-121 features signals from 
water and methanol solvent molecules, which are purged by thermal 
treatment and absent in the 1H spectrum of MIL-121-250°C-16H. 
The 1H-13C CP/MAS spectra of MIL-121 samples feature the three 
common linker resonances as treatment temperature increases, until a weak 
13C resonance emerges at ca. 163 ppm in the spectrum of MIL-121-380°C-
16H (Figure 4a, black rectangle), suggesting anhydride formation has 
begun via condensation of two adjacent free carboxyl groups.23 This 
anhydride resonance becomes more intense as treatment temperature 
increases and more anhydride groups are introduced. The corresponding 
1H MAS SSNMR spectra confirm anhydride group formation. The H1 
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resonance of uncoordinated carboxylic acid on the linker gradually 
decreases in intensity as sample treatment temperature is increased above 
ca. 380 °C and the conversion to anhydride groups proceeds. H1 is 
completely absent in the spectrum of MIL-121-440°C-16H while the other 
two linker 1H resonances persist, confirming that a condensation reaction 
has occurred between adjacent free carboxyl groups. 
An additional 13C resonance at ca. 120 ppm, denoted C6, is first apparent 
in the 1H-13C CP/MAS NMR spectrum of MIL-121-410°C-16H. The 
chemical shift (iso) identifies C6 as a phenyl carbon, and the signal 
intensity rises as treatment temperature increases. Earlier N2 gas adsorption 
measurements indicated that hierarchical pore formation begins at 410 °C, 
and pore size increases with higher treatment temperatures (vide supra). 
With this complementary information, the C6 resonance first visible in the 
spectrum of MIL-121-410°C-16H can be assigned to C5 and/or C4 phenyl 
carbon atoms that have lost their bound carboxyl group during 
decarboxylation. The 13C and 1H resonances of MIL-121-440°C-48H are 
significantly broader than those of other samples, which indicates that the 
extended thermal treatment and subsequent amorphization has resulted in 
a non-uniform MOF structure with substantially disordered linkers.
This NMR data establishes that linker decarboxylation occurs in MIL-
121, however, this alone cannot explain how the average pore size and 
Page 24 of 59
ACS Paragon Plus Environment






























































mesopore volume continues to grow with treatment temperatures above the 
decarboxylation point (Figure 1c, Figure 2c/d, Table 1, Table S1).6 It is 
evident that an additional process must occur during thermal treatment. For 
example, at higher treatment temperatures and durations, local collapse of 
MOF framework structure and concomitant formation of non-framework 
metal oxide aggregates may be the driving force creating mesopores of 
various sizes.6 To further investigate decarboxylation and structural 
changes in thermally treated hierarchically porous MIL-121 samples, 27Al 
MAS SSNMR experiments were performed.
27Al MAS SSNMR experiments. The 27Al MAS SSNMR spectra and 
2D 27Al 3QMAS spectra acquired at 21.1 T are shown in Figure 4c and 4d 
respectively, with additional MAS and 3QMAS spectra in Figures S6 and 
S7. The 27Al MAS SSNMR spectrum of MIL-121 features a pattern with 
the two distinct spectral “horns” indicative of a quadrupolar nucleus; the 
well-defined quadrupolar lineshape suggests a high degree of local order, 
and the chemical shift is ca. -10 ppm, indicating that this signal arises from 
the crystalline six-coordinate AlO6 site in MIL-121.13 The 27Al MAS 
SSNMR spectrum of MIL-121-250°C-16H is similar to that of MIL-121, 
confirming that the mild thermal treatment along with removal of water 
and methanol solvents has no effect on the overall structure or Al local 
environment. As the treatment temperature is raised  410 °C and duration 
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is increased, the crystalline AlO6 resonance gradually decreases in relative 
intensity, vanishing completely after treatment at 440 °C for 48 hours 
(MIL-121-440°C-48H spectrum, Figure 4c). A conversion of AlO6 in the 
crystalline phase to some other Al species must occur during the 
decarboxylation process. 
A second weak resonance is evident at ca. 35 ppm in the 27Al MAS 
SSNMR spectrum of MIL-121-410°C-16H, which is assigned to a penta-
coordinate AlO5 unit based on chemical shift.17a, 24 This new signal is 
clearly resolved in the corresponding 3QMAS spectrum (Figure 4d), and 
increases in relative intensity within both 1D and 2D 27Al NMR spectra as 
the treatment temperature and time are raised beyond 440 C and 16 hours 
(Figure 4c/d and Figure S6). The AlO5 signal origins can be inferred from 
complementary information. MIL-121-410°C-16H was produced at the 
lowest treatment temperature and duration at which hierarchical pores 
become evident (Figure 1b, Figure S1, Table 1), and the corresponding 1H-
13C CP/MAS NMR spectrum (Figure 4a) indicates the onset of linker 
decarboxylation. 27Al NMR clearly shows that decarboxylation occurs 
upon both the free carboxylic acid group of the linker (denoted C5 in Figure 
4a) and the metal-coordinated carboxyl group (C4 in Figure 4a). 
Decarboxylation of C4 produces a penta-coordinated AlO5 unit, which is 
typically referred to as a coordinatively-unsaturated metal center (UMC) 
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or open metal site (OMS).6, 25 Mesopore formation therefore originates not 
only from ligand decarboxylation and removal, but also from a 
fundamental local structural rearrangement about the metal center itself. It 
should be noted that the AlO5 27Al resonance is broader than that of 
crystalline AlO6, with two likely origins: (1) the pseudo-square pyramidal 
geometry about Al in the AlO5 OMSs is much less spherically symmetric 
than the Al geometry of crystalline octahedral AlO6, leading to a higher 
CQ(27Al) value and thus a broader NMR resonance for AlO5; and (2) there 
is a much greater distribution of Al-O bond lengths and O-Al-O bond 
angles in AlO5 local environments than crystalline AlO6 environments, 
spreading the 27Al NMR resonance of AlO5 across a larger frequency 
range. 
There is a third very weak high-frequency resonance in the 27Al MAS 
and 3QMAS SSNMR spectra of MIL-121-440°C-16H at ca. 75 ppm, 
which has a chemical shift characteristic of the tetrahedral AlO4 units in 
alumina.26 This signal is more intense in samples where higher 
temperatures and longer treatment times were used (Figure 4c/d, Figure S6, 
Figure S7). This data suggests AlO6 and AlO5 aluminum sites in 
hierarchical MIL-121 are increasingly converted to non-framework AlO4 
in alumina as treatment temperatures and times are elevated,26-27 and the 
alumina then aggregates within the structure of MIL-121.6, 12 This type of 
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partial local framework collapse (leading to AlO4 unit formation) explains 
the enlarged mesopores observed in corresponding N2 gas adsorption and 
SEM images (Figure 1b/c and Figure 2d). 
As the treatment temperature and time are increased (e.g., MIL-121-
440°C-48H), the three resonances in the isotropic (F1) dimension of the 
27Al 3QMAS NMR spectra remain fairly broad, which indicates that a 
spread of chemical shift and/or quadrupolar-induced shifts arising from a 
distribution of local environments are present. In particular, the 27Al NMR 
signal intensity from pristine AlO6 in MIL-121 is not wholly transferred to 
the corresponding resonances for AlO5 and AlO4. There is a somewhat 
broadened, featureless 27Al resonance in the AlO6 region at ca. 10 ppm in 
the NMR spectra of MIL-121-410C-16H; this signal increases in intensity 
with extended treatment times and temperatures, and is strongest in the 27Al 
NMR spectra of MIL-121-440C-48H (Figure 4c, d). As 10.5 % of the 
MIL-121-440°C-48H surface area is microporous (Table 1), the 27Al 
resonance at ca. 10 ppm is assigned to a disordered AlO6 unit within the 
microporous regions of thermally treated MIL-121. 
There are three main sources of AlO6 disorder in thermally treated MIL-
121, which are now discussed. (1) As the microporous regions are no 
longer crystalline, Al-O bond lengths and O-Al-O bond angles are not 
identical and vary significantly between from one AlO6 unit to the next, 
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giving rise to a sizeable distribution of AlO6 environments. (2) Each Al 
center has four BTEC linkers attached equatorially. In unheated crystalline 
MIL-121, all four BTEC linkers are in identical orientations about AlO6, 
but in the microporous regions of thermally treated MIL-121, the BTEC 
linkers’ orientations vary between AlO6 units, introducing additional local 
disorder. The increasing BTEC linker disorder is consistent with the linker 
resonance broadening observed in 1H-13C CP/MAS spectra of the MIL-
121-440C samples. (3) The four BTEC linkers coordinated to a given Al 
center have a differing amount of carboxyl groups remaining. For example, 
some linkers are only coordinated to one Al center and have lost their other 
three carboxyl groups, with the other end of the linker unattached to any 
species due to decarboxylation. This again widens the distribution of AlO6 
local environments and broadens the 27Al resonance of AlO6; it should be 
noted that local disorder also broadens the 27Al resonances of AlO5 centers 
in thermally treated MIL-121 for similar reasons.  
Interestingly the 27Al MAS NMR spectrum of MIL-121-440°C-48H 
resembles the reported spectrum of -alumina (Al2O3),26b, 27 possibly 
suggesting that MIL-121-440°C-48H consists of either a pure -alumina 
phase or a mixture of -alumina and the amorphous MIL-121 MOF with 
its topology partially intact. For comparison, MIL-53 is a MOF similar to 
MIL-121, and reports show that MIL-53 decomposes to -alumina (termed 
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-alumina-MIL-53) when heated at 650 C;26b 27Al NMR spectra of the 
heated -alumina-MIL-53 product indicates that 4-, 5-, and 6-coordinate Al 
centers are present, much like the 27Al NMR spectrum of MIL-121-440°C-
48H. While the 27Al NMR spectra of -alumina-MIL-53 and MIL-121-
440°C-48H share similarities, careful inspection of resonance intensities 
reveals that -alumina-MIL-53 only contains a small amount of distorted 
5-coordinated AlO5 sites, while both the 1D and 2D 27Al NMR spectra of 
MIL-121-440°C-48H confirm the existence of a relatively larger fraction 
of AlO5 sites. This reveals that the MIL-121-440°C-48H sample is not pure 
-alumina. 
To investigate further, MIL-121 was treated at a high temperature of 
650°C for three hours to obtain MIL-121-650°C-3H, which was found to 
solely composed of -alumina; the PXRD pattern matches the cubic phase 
of -alumina (Figure S8a) but reflections are relatively broad and weak, 
indicating that the -alumina is still amorphous and likely of small non-
uniform particle sizes. In contrast, the PXRD pattern of MIL-121-440°C-
48H (Figure S8a) contains no reflections indicative of -alumina. In 
addition, SEM examination indicates -alumina formation physically alters 
sample crystallites; the morphology of -alumina-MIL-5326b and MIL-121-
650°C-3H (Figure S8b) are distinct from their parent MOFs. In contrast, 
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the morphology of MIL-121-440°C-48H remains the same as parent MIL-
121 (Figure 2d), strongly indicating that this MOF has not completely 
decomposed to -alumina. It should be noted that 13C and 1H NMR spectra 
of MIL-121-440°C-48H continue to feature resonances from the linker, 
implying that this sample is likely a mixture of amorphous -alumina and 
the amorphous MIL-121 MOF with the topology partially intact. The 
conversion of some MOF domains to amorphous -alumina explains why 
surface areas of the thermally treated MIL-121 samples decrease with very 
high temperatures and treatment times. The 475 m2/g surface area of MIL-
121-440°C-48H is much larger than the 146 m2/g of -alumina-MIL-53 and 
the 325 m2/g of MIL-121-650°C-3H, again supporting the existence of 
amorphous MIL-121 with partially intact topology mixed with amorphous 
-alumina. 
To summarize, 27Al MAS and 3QMAS spectra of thermally treated MIL-
121 samples indicate the local aluminum environments in MIL-121 are 
significantly altered as the treatment time and temperature are increased. 
The pristine AlO6 units in MIL-121 are first partially converted to penta-
coordinated AlO5 OMS due to the decarboxylation process at 410 °C; the 
formation of AlO4 (i.e., alumina) then follows when the temperature is 
increased to 440 °C due to partial collapse of the MOF structure. 
Throughout these structural changes, some AlO6 units remain present 
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within non-crystalline microporous regions of MIL-121 but are disordered 
due to local distortions in Al-O bond lengths and O-Al-O bond angles, 
several possible different BTEC linker orientations, and varying degrees of 
BTEC linker decarboxylation; this is most evident in 27Al NMR spectra of 
MIL-121-440°C-48H. During sample treatment at higher temperatures and 
durations (i.e., MIL-121-440°C-48H), the parent crystalline MIL-121 
MOF is converted to amorphous MIL-121 with a partially intact topology. 
Some amorphous -alumina is also formed, resulting from the partial 
collapse of the MOF framework. 
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Proposed structural model of hierarchically porous MIL-121 
Figure 5. An illustration of the proposed linker decarboxylation process in MIL-121. 
The free carboxylic acid linker groups in (a) are condensed to an anhydride group after 
thermal treatment (b), and treatment at further elevated temperatures leads to the 
creation of AlO5 OMSs as shown in (c), followed by collapse of the local structure to 
generate the tetrahedral AlO4 alumina sites and additional AlO5 OMSs depicted in (d). 
With the new insights gained from 27Al NMR experiments, in 
conjunction with gas adsorption, electron microscopy, and 1H/13C NMR 
data, an improved understanding of the decarboxylation process in MIL-
121 has been obtained. When the treatment temperature reaches 380 °C, 
adjacent free unbound carboxylic acid groups on the BTEC linkers of MIL-
121 (Figure 5a) begin undergoing a condensation reaction to form 
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anhydride groups (Figure 5b). When the treatment temperature reaches 410 
°C, the decarboxylation process occurs upon both the free and the 
coordinated carboxylate groups of the BTEC linker, causing some BTEC 
linkers to be detached from the adjacent metal centers to generate five-
coordinated AlO5 open metal sites in a key step toward mesopore formation 
(Figure 5c). As the treatment temperature is increased to 440 °C and 
decarboxylation proceeds further, another BTEC linker eventually 
detaches from the AlO5 OMS, resulting in the formation of some alumina 
with AlO4 units (Figure 5d). As the thermal treatment progresses over time, 
the gradual conversion of AlO6 units to AlO5 OMSs and the further 
elimination of some aluminum (in the form of AlO4 in alumina islands) 
expand the mesopore size and volume at the cost of micropore structure. 
After 48 hours at a high temperature of 440 C, the sample consists of 
mesoporous amorphous MIL-121 along with some amorphous -alumina. 
Despite the loss of long-range order (i.e., crystallinity) of starting MIL-
121, the overall topology partially exists, with a majority of the micropores 
expanded and converted to mesopores.
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Examining guest adsorption in thermally treated MIL-121
Figure 6. In situ static VT NMR experimental and simulated spectra of guest gases in 
thermally treated MIL-121 samples, as obtained at a magnetic field of 9.4 T. In (a), 13C 
NMR spectra of adsorbed 13CO2 are shown, while 2H NMR spectra of C2D2, C2D4 and 
CH3D guests within thermally treated MIL-121 samples are illustrated in (b), (c), and 
(d), respectively, along with simulations (see the corresponding top legend). 
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In order to investigate gas adsorption and dynamics within HMIL-121 
variants, isotopically labeled gas including 13CO2, C2D2, C2D4 and CH3D 
(where D represents deuterium) were loaded within three representative 
samples for in situ static variable temperature (VT) NMR experiments: 
microporous MIL-121-250°C-16H, hierarchically porous MIL-121-
440°C-16H, and mesoporous MIL-121-440°C-48H.
Static 13C SSNMR experiments: CO2. The static 13C NMR spectra of 
13CO2 within HMIL-121 are shown in Figure 6a. Given the low 1.1 % 
natural abundance of 13C,28 it is reasonable to assumed that all observed 
13C resonances originate from the 13CO2 gas (99% 13C-labeled) employed, 
rather than the MOF linkers.18a, 29 A broad, featureless resonance is 
apparent in the 13C NMR spectrum of MIL-121-250°C-16H at 293 K, 
which exhibited a very low 29.3 cm3/g CO2 adsorption capacity at 298 K 
(Table 2). This NMR signal lacks any features arising from chemical shift 
anisotropy (CSA), indicating that CO2 does not reside in a well-defined 
position and a distribution of CO2 local environments are present. This may 
be due to the uncoordinated carboxylic acid groups of the BTEC linker 
occupying much of the free pore volume.
 The breadth or span of a 13CO2 powder pattern is strongly associated 
with CO2 dynamics. A narrower powder pattern corresponds to a larger 
degree of CO2 motion, while broader powder patterns arise from relatively 
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immobile CO2.30 It follows that CO2 which is bound relatively strongly or 
otherwise sterically restricted cannot sample a large volume of space and 
will correspond to a broader powder pattern, and vice versa.17b, 18a, 31 13C 
NMR experiments on hierarchically porous MIL-121-440°C-16H were 
performed at experimental temperatures of 293, 263, 233 and 203 K 
(Figure 6a and S9); the resulting spectra feature two distinct resonances. 
The broader underlying resonance is denoted signal 1 and is discussed first, 
while the narrower and better defined central resonance is termed signal 2. 
Signal 1 is ca. 190 ppm broad, similar to the ca. 160 ppm width of the 
relatively featureless resonance in MIL-121-250°C-16H (Table S2), 
suggesting that signal 1 originates from adsorbed CO2 with limited 
mobility that is confined in a microporous environment. For signal 1, the 
lack of a typical CSA lineshape suggests that adsorbed CO2 molecules are 
somewhat disordered, again reminiscent of those within microporous MIL-
121-250°C-16H. In MIL-121-440°C-16H, the distribution of CO2 local 
environments likely arises from the decarboxylation process, which forms 
non-uniform micropores of slightly different pore sizes based on the degree 
of local decarboxylation. The breadth of signal 2 is ca. 60 ppm at 293 K 
(Table S2), which is much narrower than the 190 ppm of signal 1 and the 
160 ppm of the resonance in MIL-121-250°C-16H. The narrow nature of 
signal 2 implies that it corresponds to adsorbed CO2 in rapid motion and 
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sampling a large volume of space; given the hierarchically porous nature 
of MIL-121-440°C-16H, signal 2 is assigned to CO2 adsorbed in the 
mesopores. The relative signal intensities at 293 K indicate that ca. 13% of 
absorbed CO2 resides in the micropores, while mesopores hold the 
remaining 87 % of CO2 molecules (Table S2). When the temperature 
decreases to 203 K, the fraction of CO2 absorbed in micropores rises to 23 
%, which is likely due to the relatively stronger CO2host interactions in 
micropores versus the weaker interactions in mesopores.
The 13C NMR spectrum of 13CO2 in mesoporous MIL-121-440°C-48H 
is a single sharp and narrow resonance, implying that CO2 is weakly 
absorbed and highly mobile. As temperature decreases, the resonance 
broadens and becomes asymmetric (Figure S9), assuming a width (ca. 65 
ppm) and lineshape at 143 K similar to that of signal 2 in MIL-121-440°C-
16H. This confirms that the single 13C NMR resonance of MIL-121-440°C-
48H originates from CO2 adsorbed in a mesoporous environment similar 
to that in MIL-121-440°C-16H. The narrow 13C resonance of CO2 in MIL-
121-440°C-48H broadens at 173 and 143 K; guest CO2 mobility is 
restricted only at very low temperatures, indicating the mesopores in this 
material engage in relatively weak host-guest interactions and are too large 
to significantly confine CO2.2b, 32 This explains why MIL-121-440°C-48H 
adsorbs 174.6 cm3/g of CO2 at 198 K, but adsorbs 90% less CO2 at 298 K 
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(17.3 cm3/g, Table 2), and seems to be the poorest sorbent of the three 
samples for CO2 adsorption at room temperature.
In summary, 13C NMR of adsorbed CO2 strongly supports the 
coexistence of micropores and mesopores within thermally treated MIL-
121 samples. Introducing mesopores to MIL-121 profoundly impacts 
NMR spectra. 13C NMR data indicates that in hierarchically porous MIL-
121 (i.e., MIL-121-440°C-16H), the micropores have a relatively strong 
affinity for CO2 but mesopores also participate in weak guest binding, 
explaining the enhanced adsorption observed in these samples versus 
mostly microporous MIL-121-250°C-16H and mostly mesoporous MIL-
121-440°C-48H. The relative populations of adsorbed CO2 change with 
temperature, indicating CO2 increasingly prefers to occupy micropores 
rather than mesopores at lower temperatures.
Static VT 2H SSNMR experiments: C2H2. The adsorption of C2H2 in 
thermally treated MIL-121 samples was investigated by VT 2H NMR 
spectroscopy using 99% 2H isotopically labeled C2D2. Observed 2H NMR 
signals arise from C2D2 guests and not linker 2H nuclei, since the natural 
abundance for deuterium is 0.016 %.28 All spectra are shown in Figure 6b 
and Figure S10, with corresponding NMR parameters tabulated in Table 
S3.
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The 2H NMR spectrum of C2D2-loaded MIL-121-250°C-16H at 293 K 
features a broad resonance with symmetrical horns indicative of a 
quadrupolar-dominated powder pattern (denoted signal 0*), along with a 
weaker narrow central signal. The well-defined, broad nature of signal 0* 
indicates a single C2H2 adsorption site exists in MIL-121-250°C-16H, 
while the narrow central signal arises from free non-adsorbed C2D2. 
Simulations of signal 0* reveal a relatively large 2H quadrupolar coupling 
constant (CQ) of 93(1) kHz at 293 K, 107(1) kHz at 263 K, 130(1) kHz at 
233 K, and 163(2) kHz at 173 K (Table S3). These large CQ values and 
correspondingly broad signal 0* powder patterns are reminiscent of 
adsorbed C2D2 in the microporous Cu(INAP) MOF, where CQ values were 
85(4) kHz at 313 K and 110(5) kHz at 273 K.15a In that instance, adsorbed 
C2D2 motion was severely restricted due to strong binding from a nearby 
amide functional group and adjacent carboxylate oxygen atoms. As C2D2 
adsorbed in MIL-121-250°C-16H exhibits similar 2H NMR parameters, 
C2D2 must also be relatively immobile and bound rather strongly.
The 2H NMR spectra of C2D2 in MIL-121-440°C-16H contains two 
well-defined signals, denoted signals 1* and 2*, and one very narrow sharp 
resonance arising from free C2D2. Signals 1* and 2* are dissimilar in shape 
and breadth, suggesting that C2D2 resides in two distinct local 
environments within MIL-121-440°C-16H, much like CO2 guests. The 
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broader 2H signal 1* (CQ = 40(1) kHz, Table S3) is assigned to motionally 
restricted C2D2 adsorbed within the micropores, where host-guest 
interactions are relatively stronger, while the narrower signal 2* (CQ = 
11.0(5) kHz) corresponds to relatively mobile C2D2 adsorbed within the 
mesopores and undergoing weaker host-guest interactions. Signal 1* has a 
broadened lineshape with smooth rather than sharp features, indicating a 
distribution of similar C2D2 adsorption sites exists within the micropores. 
At 293 K, signal 2* has well-defined “horn” and “shoulder” features, 
indicating that C2D2 resides in a well-defined adsorption site within MIL-
121-440°C-16H mesopores, possibly at the OMSs of AlO5. At and below 
263 K, signal 2* is featureless and slightly broader, indicating a 
distribution of similar C2D2 adsorption sites now exist in the mesopores, 
likely due to more C2D2 molecules entering the mesopores and occupying 
different sites. The relative intensities of signal 1* and signal 2* (Table S3) 
at 293 K in MIL-121-440°C-16H indicate that ca. 71% of adsorbed C2D2 
resides in micropores and the remaining ca. 29 % is within mesopores. As 
temperatures decrease, the relative intensity ratios indicate that adsorbed 
C2D2 increasingly migrates to the mesopores, with 53% of C2D2 populating 
the mesoporous regions at 173 K. This trend runs opposite to CO2 guests 
in MIL-121-440°C-16H, where microporous regions were increasingly 
populated at lower temperatures.
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The 2H spectrum of MIL-121-440°C-48H at 293 K features a single 
sharp and narrow resonance, indicating that C2D2 is weakly adsorbed and 
highly mobile. At 173 K, a well-defined, broad, and relatively less intense 
2H resonance denoted signal 3* becomes evident, while the dominant 
narrow central resonance persists. Given the breadth of signal 3* and 
corresponding limited guest mobility, this resonance likely originates from 
C2D2 trapped in the MIL-121-440°C-48H micropores.
Static VT 2H SSNMR experiments: C2D4 and CH3D. The 2H spectrum 
of C2D4-loaded MIL-121-250°C-16H at 293 K (Figure 6c) is exceptionally 
noisy with a single very weak resonance, suggesting C2D4 cannot access 
the MOF pores; this agrees well with the measured low C2H4 uptake of 
12.4 cm3/g at 298 K (Table 2). C2D4 adsorption in MIL-121-440°C-16H is 
generally similar to that of C2D2. Two signals are evident, denoted signals 
1# and 2#. Signal 1# with a CQ of 15(1) kHz is assigned to C2D4 adsorbed at 
a relatively ordered site within the micropores while signal 2# with a CQ of 
3(0.5) kHz (Table S4) corresponds to very mobile C2D4 loosely adsorbed 
within the mesopores. Based on the signal 1# and 2# intensity ratios (Table 
S4), ca. 20 % of C2D4 is adsorbed in micropores at 323 K, and this fraction 
grows to ca. 71 % at 173 K, indicating that C2D4 prefers to locate in the 
micropores of MIL-121-440°C-16H at lower temperatures. The single 
narrow intense resonance in the 2H NMR spectrum of C2D4-loaded MIL-
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121-440°C-48H suggests C2D4 is weakly adsorbed and highly mobile.  In 
CH3D-loaded MIL-121 (Figure 6d), no 2H signal was detected in the NMR 
spectrum of MIL-121-250°C-16H, confirming that this MOF cannot 
adsorb measurable quantities of methane (Table 2). Only sharp 2H 
resonances can be observed in methane-loaded MIL-121-440°C-16H and 
MIL-121-440°C-48H from 293 to 133 K indicating that adsorbed methane 
is highly mobile in both systems. A very recent work15b has shown that 
methane remains extremely mobile in MOFs and generates very narrow 2H 
NMR signals unless the micropores are sufficiently small to sterically 
restrict methane motion.
Decarboxylation in MOF ISOMIL-53
To demonstrate the applicability of the approach described in this work 
to other MOF systems, we have also enacted a thermally triggered 
decarboxylation in a new aluminum-based microporous MOF. This MOF 
was prepared by hydrothermally reacting 1,2,4-benzene tricarboxylic acid 
(1,2,4-H3BTC) with Al(NO3)3 at 210 °C, with additional details found in 
the Supporting Information. The preliminary structure of this new MOF 
has been tentatively determined by single crystal XRD and multinuclear 
SSNMR (Figure 7a) and appears to be isostructural to the well-known 
MOF MIL-53 MOF.14 It appears that one of the carboxylate groups is lost 
during the reaction; in the final product the framework linker is 1,4-
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benzendicarboxylate rather than 1,2,4-benzentricarboxylate. This finding 
is also supported by 1H-13C CPMAS SSNMR spectroscopy (Figure S13). 
Instances of ligands losing one of their carboxylate groups have also been 
reported in the synthesis of several other MOFs.33 The new MOF has one 
independent 6-coordinated Al site, but the linkers are in a disordered state 
(Figure 7a). Since this MOF is similar to MIL-53, we have termed it 
ISOMIL-53. The high purity of our product has been confirmed by PXRD, 
as shown in Figure 7b.
Figure 7. (a) The single crystal structure of ISOMIL-53 (adsorbed water molecules are 
omitted for clarity). (b) The calculated and experimental PXRD patterns of ISOMIL-
53. (c) The N2 adsorption isotherms of thermally treated ISOMIL-53 samples; solid 
circles represent adsorption and open circles denote desorption. (d) The 27Al MAS 
NMR spectra of thermally treated ISOMIL-53, as obtained using a spinning speed of 
20 kHz at a magnetic field of 9.4 T. The corresponding aluminum local coordination 
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environment (AlO4, AlO5, or AlO6) are listed above the assigned resonance.
The porosities of thermally treated ISOMIL-53 samples were 
investigated by N2 gas adsorption isotherms (Figure 7c). ISOMIL-53 
exhibits a typical Type I adsorption-desorption isotherm after thermal 
treatment at a temperature of 340 °C for 6 h (this sample is termed  
ISOMIL-53-340°C-6H), indicating that it has a microporous structure. The 
BET surface area of this MOF sample is 490.0 m2/g and the specific 
micropore volume is 0.24 cm3/g. As the treatment temperature increases, 
the overall porosity and N2 uptake of ISOMIL-53 were found to increase 
dramatically, exhibiting trends very similar to those of thermally treated 
and hierarchically porous MIL-121. The hysteresis loops in both N2 
isotherms of ISOMIL-53-380°C-12H and ISOMIL-53-420°C-5H strongly 
support the notion that hierarchical pores have been created inside this 
MOF upon thermal treatment. The BET value of ISOMIL-53-420°C-5H is 
much larger than the parent material at 1364.9 m2/g, and the average pore 
size is also much larger at 40.4 Å. The 27Al MAS SSNMR spectra of as-
synthesized ISOMIL-53 and ISOMIL-53-420°C-5H are shown in Figure 
7d. The 27Al NMR lineshape and chemical shift of as-synthesized ISOMIL-
53 suggest that the aluminum in this MOF resides in a crystalline six-
coordinate AlO6 site.17a, 24 The 27Al MAS NMR spectrum of ISOMIL-53-
420°C-5H is very similar to that of MIL-121-440°C-16H shown in Figure 
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4(c), with both spectra featuring three resonances corresponding to AlO4, 
AlO5 and AlO6 environments and again supporting the formation of a 
hierarchically porous system.
The changes in N2 gas adsorption isotherms of ISOMIL-53 variants 
suggest that this MOF has also undergone a decarboxylation-related 
porosity transition. The observation of three distinct Al coordination 
environments in ISOMIL-53, as seen earlier in the variants of MIL-121, 
clearly indicates that the mechanisms of pore expansion in both MOFs are 
very similar. From these findings, it is obvious that the thermally triggered 
decarboxylation approach detailed in this work is a versatile mechanism 
that can be utilized in a universal manner for creating hierarchical pore 
structures in other carboxylate-based MOFs to address a broad variety of 
applications. 
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A thermally triggered decarboxylation process has been discovered and 
investigated in the prototypal carboxylate MIL-121 MOF via gas 
adsorption experiments, SEM imaging, and multinuclear SSNMR 
spectroscopy. Microporous MIL-121 is transformed to a hierarchically 
porous MOF containing both micropores and mesopores using a thermal 
treatment protocol; the transition from microporous to hierarchically 
porous to mesoporous can be controlled by the treatment temperature and 
duration. This permits fine-tuning of the resulting surface area and pore 
size/volume to maximize adsorption capacities for targeted gas sorbates. 
At the molecular level, SSNMR of the linkers and Al metal centers detail 
the discrete stages of linker decarboxylation and permit a structural model 
to be proposed in which the AlO6 sites in MIL-121 are partially converted 
to AlO5 open metal sites. The pore expansion seems to occur concomitantly 
with elimination of some Al atoms in the form of AlO4 in alumina.
Adsorption isotherms confirm the presence of mesopores and indicate 
that hierarchically porous MIL-121-440°C-16H is well-suited to adsorb 
CO2, C2H2, C2H4 and CH4, with the heterogeneous pores amenable to 
storage and diffusion while maintaining strong host-guest interactions. Gas 
uptakes in MIL-121-440°C-16H are significantly increased over the parent 
MIL-121 material and also over their mainly microporous and mesoporous 
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variants, viz. MIL-121-250°C-16H and MIL-121-440°C-48H. Local 
environments of the adsorbed CO2, C2H2, C2H4, and CH4 gases within the 
heterogenous pores were investigated using in situ static VT NMR, which 
provides a direct route to understand the number of distinctly adsorbed 
guest molecules, their mobility, and the relative strength of host-guest 
interactions in porous physisorbents with complex pore structures. We 
have shown that this work can be used as guidance for the future 
development and predictive custom-design of hierarchical pore structures 
in carboxylate MOFs; the success of this approach has led to the successful 
synthesis of the ISOMIL-53 MOF, which can also be transformed into a 
hierarchically porous MOF via a thermally triggered decarboxylation 
process. We hope this study promotes further investigation to understand 
hierarchical pores in varied MOF motifs, given their tremendous potential 
for adsorptive storage/separation of various fluid sorbates in gas and/or 
liquid phases. 
Supporting Information. 
Experimental details on MOF preparation, powder X-ray diffraction 
patterns, multinuclear solid-state NMR spectra and associated parameters, 
gas adsorption measurements, additional SEM images and CIF file of 
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